Introduction
The title of this address is already too ambitious, but even so I propose to interpret it liberally by taking discrimination to include acuity and memory. My aim is not to attempt the impossible task of giving a connected account of the subject, but to discuss some of the high-lights in this long neglected but now rapidly developing field.
My theme may seem odd for one whose main interest over many years has been in the physiology of reproduction. The study of reproduction, however, leads into unexpected by-ways. Years ago, experiments on freezing spermatozoa by my colleagues Dr Audrey Smith and Dr C Polge led to remarkable advances in low temperature biology. More recently, work by my colleague Miss H M Bruce has focused attention on the importance of olfactory stimuli in reproduction and has aroused our interest in the chemical senses generally, an interest much increased by the writings of Kalmus & Hubbard (1960) , Kalmus (1962) and Richter (1942) .
Almost all vertebrates can see, hear, smell and taste to a greater or less extent, but there is wide variation in the degree to which animals of different groups rely on the different senses to assess their environment and their food, and in the extent to which their lives are influenced by different sensory stimuli. Of the four special senses, we are concerned here with the two which depend on chemical stimuli, smelling and tasting, in distinction to seeing and hearing which depend on physical stimuli.
It is not easy to define precisely the differences between the two special 'senses depending on chemical stimuli. We usually regard smells as caused by volatile substances carried by air and therefore acting at a distance. Mammals can certainly smell such substances withotut tasting them.
Equally, many substances, such as quinine, taste strongly, but have no smell. Moreover, the areas in the brain concernedwith the reception of stimuli from the smell and taste organs are different. To this extent the two senses are distinct. On the other hand, the lack of a barrier between the taste receptors on the tongue and soft palate, and the olfactory receptors of the nasal epithelium makes it difficult to taste without smelling a substance which has both properties. Moreover, the threshold concentrations required for smell are usually much lower than those for taste.
Fish
The close connexion between smell and taste is well shown in fish, many of which are known to be highly sensitive to substances dissolved in the surrounding water. Apparently smell rather than taste is involved, as indicated by the great development of the olfactory bulbs in the brains of many fish. Whatever one chooses to call this form of perception, there is abundant evidence of extraordinary feats of chemical acuity, discrimination and memory in fish. Dr Kalmus has recently emphasized that the extraordinary homing instincts of salmon, eels and other fish across thousands of miles of ocean and through intricate waterways, probably depends on nostalgic olfactory memories of the haunts of their youth.
Whether or not chemical discrimination plays a major part in fish migration, many examples are known of the sensitivity of their chemoreceptors. Eels are said to be able to detect as little as a few thousand molecules of certain chemical substances; some aquaria fish are said to be able to distinguish between samples of water which have been in contact with different people; sharks can smell blood at a distance and are attracted to its source, and so on.
Birds
In fish, therefore, the chemical senses, especially the one we think of as smell, are highly developed. To this extent fish have much in common with mammals. Birds, by contrast, rely far more on hearing and vision, which play a very large part in their constant alertness and in the integration of their social and reproductive behaviour. One of the best examples of the effects of social environment on reproduction is to be found in the pigeon. A female pigeon does not lay eggs in isolation, but will do so readily when in contact with or in sight of a male or another female; even more instructive is the fact, shown many years ago by Harrison Matthews, that even an isolated pigeon will lay eggs sporadically if given a mirror in which to display to herself. Such areaction, perhaps fortunately, is not known among mammals. Moreover, focod selection in domestic poultry is known to be largely dependent on vision, so that feeding preferences are dictated by the size, shape and colour of food. The sense of taste in birds is comparatively undeveloped, the maximum number of taste buds being a few dozen compared with 9,000 in man, 17,000 in rabbits and 35,000 in cattle. The same applies generally to the sense of smell.
There are, however, exceptions to these generalizations about birds. First, sonme carrion eaters appear to be directed to food by smell rather than sight. Thus, turkey vultures have been seen to pass over visible carrion until they could detect the odour coming up obliquely on a thermal updraught. It has also been reported that a turkey vulture will not feed on newly discovered carrion so long as a human observer is upwind of it, no matter how well he may be concealed from sight. Second, the sense of taste, also, is not necessarily absent in all birds, as shown by tests on pigeons which are found to be sensitive to the four main components of taste. Thus in recent experiments concentrations of acetic acid above 0 3 % and of quinine hydrochloride above 0 5 % caused marked rejection of fluid, sodium chloride was preferred to water in low concentrations and rejected in high ones, and sucrose solutions were markedly preferred at concentrations up to 14 % (Duncan 1960).
Taste Acuity and FoodPreferences in Laboratory Animals
Two examples may be cited of experiments in rats. Dextrose is attractive to rats and their taste threshold for it can be determined by whether or not they drink dextrose solutions in preference to water. Conversely, mercuric chloride is objectionable to rats and its taste threshold can be determined by their rejection of solutions. The former is detected by rats at about 1 part in 400, 0 25 %; the latter is rejected decisively at concentrations higher than 1 part in 50,000, 0 002 %.
The liking of animals for sugar has some strange results. There are recent reports of poisonous or sprayed weeds being eaten with disastrous results when they are wilting and therefore contain more sugar, though they would not otherwise be touched.
Some most interesting experiments have been carried out on food preferences in rats and mice under various physiological conditions. Some of the preferences are apparently meaningless. C57 mice for instance, unlike other mice, have a marked predilection for strong drink and given the choice, prefer to ingest fluid as a 12-5 % solution of ethyl alcohol, about equal to a heavy wine (Rodgers & McClean 1961) . In many cases, however, food adjustments and preferences have an obvious physiological meaning and constitute an important self-regulatory mechanism, an expression used by Richter (1942) in his classic paper on this subject.
In experiments with alcohol which were carried out by Richter (experiments with alcohol seem to have a strange fascination for biologists) rats having to drink 24% ethyl alcohol without the option very sensibly reduced their intake of solid food, so that the total calorific intake remained the same. In some of these rats, alcohol amounted to 50 % of the total calorific intake, but the animals were in excellent condition after nine months on what Richter euphemistically calls the experimental 'diet'.
Another interesting example of food selection was observed by Richter in lactating rats. Nonpregnant or pregnant rats on a self-selection diet ate totally somewhat less than those on McCollum stock diet. Evidently, they knew better than Professor McCollum what they needed. During lactation the difference increased greatly, presumably because the animals were able to select a diet more appropriate than the stock diet to the special requirements of milk production. Figures for the intake of various components in the selfselection experiments showed a slight rise in the consumption of fat and protein during pregnancy, and a very sharp one during lactation. Intake of carbohydrate remained almost constant during pregnancy and rose only slightly during lactation.
Evidently, food preferences during pregnancy, at least in rats, have a definite nutritional basis.
Section ofComparative Medicine
Possibly the most striking of all the food preferences demonstrated by Richter in rats were those associated with endocrine deficiencies. We have heard much about compensatory hypertrophy of residual endocrine tissue; compensatory alimentation must also be regarded as a real phenomenon. Two examples may be cited: first, normal rats offered a choice of water or 2 4 % calcium lactate to drink, take mainly water. After parathyroidectomy the consumption of the calcium lactate increases greatly, but is very rapidly reduced by the establishment of a parathyroid graft. Evidently the increased intake of calcium by the parathyroidectomized rat is to compensate for the excessive loss of this material. The second example is this: rats maintained on a salt-free diet and water die rapidly after adrenalectomy. Normal rats maintained on a salt-free diet, and given a choice between water and 3 % NaCl to drink, take mainly water. After adrenalectomy, the intake of saline rises rapidly and the animals live for a considerable time. This reaction on the part of the adrenalectomized rat has aroused much comment. It certainly depends on the taste of the salt, because it is abolished by denervating the tongue and thence the taste buds. The taste threshold for salt is not, however, altered by adrenalectomy (Pfaffmann & Bare 1950) , so that the rat's urge to drink saline after adrenalectomy and consequent loss of body salt must depend on some form of physiological motivation.
Taste Acuity in Man
Four basic tastes are recognized by mansour, salt, sweet and bitter. The 'hot' sensation set up by mustard, spices and the like is not a taste but the result of chemical irritation which affects also other mucous surfaces having no connexion with taste. The acuity of the four basic tastes is given by Moncrieff (1944) This order of acuity does not necessarily apply to other mammals because, according to electrophysiological studies, quinine (about 1/10 as bitter to man as brucine) is no more perceptible to rats than sucrose, while in the rabbit it is less so. Among the sugars, compared in man on a molecular basis, sucrose is more than 50% sweeter than fructose, which in turn is more than 50% sweeter than lactose, galactose and glucose, which are similar to each other (Cameron 1947). In preparing this address my mind naturally turned to the tasting of wine, beer, tea, &c., about which we hear a good deal. Here, I thought, would be a mass of data susceptible to scientific analysis and indicative of human powers of olfactory and gustatory discrimination. I was wrong. Tasting of this kind, which of course includes smelling, is an art and the practitioners are artists, not easily subjected to scientific control. Moreover, they are concerned primarily with diagnosis, prognosis and discrimination in the sense of appreciation of quality. Tests of discrimination in the sense of differentiation and reproducibility, of a kind which would be acceptable in scientific work, appear to be lacking, so that we do not know with what accuracy replicated and randomized samples of closely related wines could be sorted out by experts. One difficulty in carrying out such a test would be that the sense of tas$e and smell soon becomes fatigued. For the lay drinker powers of differentiation based on taste and smell alone probably do not extend beyond major categories of drink, and verdicts may be influenced by various adventitious circumstances. In a recent large-scale public attitude survey of two samples of lager differing only in colour, the darker one was pronounced to be the most palatable and the best drink in every respect. Evidently, vision intrudes a good deal into the appreciation of food and drink.
Olfactory Acuity and Associations in Man
The human nose is a poor thing compared with that of many animals. Nevertheless, it has remarkable powers of perception, as shown by the much quoted table from Moncrieff's book (1944) on the special senses. Synthetic musk, for instance, can be detected at a concentration of 0 005 ,g per cubic metre of air and vanillin at 00002 jig. Such figures are most impressive, but even with the lower threshold values, the number of molecules involved is enormous. Moncrieff points out that 1 g of muscone, the chief active principle of natural musk, throws off a million molecules a second and smells strongly, but would lose only 1 % of its weight in a million years. In general, the human nose compares very favourably with the most advanced laboratory methods, such as gas chromatography, for the detection and identification of small amounts of volatile compounds.
Odour, of course, is a particularly potent factor in life because of the associations it builds up. In the course of his classic work, Pavlov showed that odour readily evoked conditioned reflexes with a high degree of discrimination. Many 50 Proceedings of the Royal Society of Medicine examples could be cited from everyday life of the associations of odours with emotional and physiological states and the consequent evocation of such states by particular odours. The use of perfumes by humans is partly based on the pleasant scent of the more delicate components (mainly of plant origin), and partly on the supposed aphrodisiac effects of animal components such as civet and musk from anal and preputial glands respectively. Most of all, however, perfumes depend on the establishment of conditioned reflexes for whatever effect they may have on the opposite sex and in this case it may be doubted whether there is a high degree of discrimination. However, it cannot be said that we in this country are frequent and unwilling victims of this form of physiological brain washing.
According to recent statistics, only 20% of women here use perfume regularly, compared with 82 % in the U.S.A. and 98 % in France. Even more instructively, of the four million or so users here only one-quarter buy their own.
Reflexes conditioned by odours occur, of course, in manv connexions. Hungry people salivate in response to cooking smells, religious fervour is evoked by incense in people conditioned to it and odours evoke memories of experiences and places with which they have previously been associated. Conversely, the chemoreceptors can be short-circuited and smells conjured up by places or experiences with which they have previously been associated. Even olfactory hallucination, in which an odour is clearly perceived without chemical reality or obvious past associations, is not unknown.
Olfactory Discrimination in Animals
A great deal of work has been carried out on olfactory acuity in rats, mainly by the methods of experimental psychology. Many references are given in recent papers by Eayrs & Moulton (1960) and Moulton & Eayrs (1960) . Of more human interest are the olfactory powers of man's alleged friend the dog. Since the earliest times, man has made use of the dog's olfactory acuity, discrimination and memory, a process which, as Kalmus remarks, has been much assisted by the strange propensity of the dog to become attached to human beings. Moreover, the dog, varying as it does in size from Great Danes to Maltese and showing every form of endocrine excess and deficiency, must be regarded as the most pleomorphic of known mammals. As a result, it has been possible to develop breeds with special olfactory powers for special purposes, such as the detection and tracking down of men, game, food or even dope. Hence bloodhounds, foxhounds, staghounds, setters, pointers, truffle hounds and the like.
Alsatians, commonly used as police dogs for tracking, readily take as their clue some object which has been in contact with the individual in question. Such dogs rarely make mistakes and the evidence of their noses is accepted in the law courts in some countries. However, according to Kalmus, even police dogs are baffled by tracks made in different directions by identical twins and they may become very upset on finding that they have been 'smelling double'. Also, since a man is most likely to leave a persistent scent on the ground and his contact with the ground is normally through his footWear, dogs may not be able to follow the track of a man wearing new shoes, which do not, it seems, become sufficiently impregnated with the characteristic odour of an individual for some weeks.
Odours, of course, play a large part in the social organization of mammals, being implicated in territory marking, recognition of sex and reproductive condition, evocation of aggressive and sexual behaviour and so on, all of which imply a high degree of discrimination. Such effects are probably exerted mainly or exclusively through neural channels. In the last few years, however, it has been found in work on reproduction in mice, that social odours produce remarkable effects, which are evidently mediated through neurohumoral channels and which provide the most striking examples so far known of the physiological results of olfactory discrimination (see Parkes & Bruce 1961) .
If a number of female mice are kept together and isolated from males, the normal five-day cycle becomes irregular, spontaneous pseudopregnancies appear and under very crowded conditions ancestrus may supervene. This has become known as the Lee-Boot effect from the Dutch authors who first described the reaction. If males are then introduced, there is a peak occurrence of cestrus about three days later and about half the females mate and become pregnant at this synchronized aestrus. This is known as the Whitten effect, from the Australian author.
Various experiments have shown that both the effects of the females on each other and the effect of the males on the females arise from olfactory stimuli; the effects disappear after the destruction of the olfactory bulbs in the females, and can be brought about in normal females merely by putting them into soiled cages recently vacated by males. The olfactory discrimination shown by the females in the Lee-Boot and Whitten effects is merely that they can distinguish males from other females. This is perhaps not very impressive because even the jaded human nose can do the same to some extent.
A much more impressive example of olfactory discrimination and memory is seen in another social effect on reproduction 'in mice discovered some years ago by Miss Bruce. She observed that pregnancy was blocked in a significant number of newly mated female mice if the stud male was removed immediately after mating and a different male of the same strain introduced. More impressively, pregnancy was blocked in up to 80% of newly mated females if they were exposed in the same way to males of a different strain. Not merely was pregnancy blocked, but the females returned to cestrus at the usual fourto six-day interval as though mating had not taken place. As with the Lee-Boot and Whitten effects, the Bruce effect was brought about by the proximity of alien males of a different strain without contact, or even by placing the females in boxes soiled by appropriate males. Moreover, the cffect failed to appear in females in which the olfactory bulbs had been destroyed. It may be assumed, therefore, with some certainty, that the Bruce effect, like the other social effects on reproduction in mice, depends on olfactory simuli. Further work showed that the Bruce effect was a block to implantation of the blastocyst brought about by failure of the anterior pituitary body to produce luteotrophin and consequent failure of the corpora lutea of ovulation to develop into corpora lutea of pregnancy.
The most interesting feature of the Bruce effect, however, from our present point of view, lies in the fact that the essential requirement for a high proportion of blocked pregnancies is that the second male should be of a different strain from the first male, irrespective of the strain of the female, which in the conditions of the experiment implies an olfactory memory of at least twentyfour hours. More remarkably, attempts to imprint the females with the smell of what was later to be the second male before mating with the first male gave negative results, in that exposing a female to Male A, without mating, before she mated with Male B did not prevent the pregnancy arising from Male B being blocked by Male A. It seems, therefore, that even the brief olfactory stimulus given by mating obliterates the memory of the smell of previous males, but can itself be obliterated by more prolonged exposure to other males. Unfortunately, it has not yet proved possible to trap and identify the odorous substances produced by male mice or even to locate their source. It is, however, most unlikely that every male mouse differs from every other male mouse by the possession of a different odorous substance. Almost certainly, different individuals are characterized by spectra of odours which differ slightly between individuals of the same strain and greatly between individuals of different strains, and which in doing so provide a basis for differential olfactory stimulation of the females. So far, such effects have not been described in other species, but it is unlikely that such effects on reproduction are confined to mice. Future discoveries in this field can be awaited with interestpossibly even anxiety.
